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INTRODUCTION
Repeated burst firing of a low number of action potentials (APs), known as theta bursts, is a naturally occurring pattern of electrical activity that can be detected in vivo in hippocampal neurons (Kandel and Spencer, 1961; Buzsá ki et al., 1996) . Theta bursts consist of two to six spikes fired at a frequency of roughly 200 Hz (Tropp Sneider et al., 2006) . The observation that repeated theta bursts occur in hippocampal CA1 pyramidal neurons during learning processes points to a role for them in memory formation (Ranck, 1973; Otto et al., 1991) . Additionally, it is thought that the number of burst APs, the intra-burst spike frequency, and the burst duration serve specific coding functions in memory formation in the brain (Lisman, 1997; Harris et al., 2002; Kepecs et al., 2002) . Memory formation at the single-cell level may be represented by spike-timing-dependent plasticity (STDP), a physiological pattern of synaptic activity. In STDP, synaptic activation followed within a few milliseconds by postsynaptic firing of APs elicits timing-dependent LTP (t-LTP), whereas postsynaptic firing that precedes synaptic activation leads to timing-dependent LTD (Bi and Poo, 1998; Markram et al., 2012; Feldman, 2012) . However, relatively little is known about what determines presynaptic or postsynaptic expression of t-LTP in response to STDP, or the identity of molecular signaling cascades that mediate this plasticity.
One key candidate for regulating synaptic plasticity in many brain areas is brain-derived neurotrophic factor (BDNF), a member of the protein family of neurotrophins (Bramham and Messaoudi, 2005; Gottmann et al., 2009) . A role for BDNF in synaptic plasticity was shown in large ensembles of neurons that were induced to express LTP with either long-lasting high-frequency presynaptic stimulation (Korte et al., 1995; Chen et al., 1999) or theta burst activation repeated at 5 Hz (Kang et al., 1997) . In individual neurons from Xenopus tectum, inhibitors of BDNF signaling blocked STDP induced by correlated pre-and postsynaptic spike bursts (Mu and Poo, 2006) . BDNF-dependent spine growth in CA1 was observed in response to the pairing of focal glutamate application onto dendritic spines with postsynaptic spikes (Tanaka et al., 2008) . Moreover, exogenously applied BDNF enhances glutamatergic synaptic transmission, either by pre-or by postsynaptic mechanisms (Lessmann et al., 1994; Levine et al., 1998; Li et al., 1998; reviewed in Gottmann et al., 2009) . However, it is as yet unclear how endogenously released BDNF mediates LTP in the physiological setting of individual mammalian neurons (reviewed in Edelmann et al., 2014) . Additionally, the site and mechanisms of BDNF secretion and signaling through TrkB receptors leading to t-LTP are currently unknown. Given the pronounced impact of BDNF signaling on learning processes (Tyler et al., 2002; Lu et al., 2008) , elucidating BDNF-and TrkB-dependent mechanisms in physiologically relevant t-LTP is central to understanding memory formation at the single-cell level.
In this study, we addressed these open questions on BDNF by inducing t-LTP in single CA1 pyramidal neurons from mice and rats. We applied three STDP protocols to induce t-LTP, consisting of repeated pairing of one presynaptic AP with one, two, or four postsynaptic spikes (referred to here as 1:1, 1:2, and 1:4 protocols). Interestingly, we found that the theta burstlike 1:4 pairing-induced t-LTP was expressed exclusively in the postsynaptic neuron, while conversely the canonical 1:1 pairinginduced t-LTP expression appeared to be in the presynaptic neuron, and that expression of the two t-LTP employed distinct signaling pathways. The 1:4 protocol required BDNF/TrkB signaling and insertion of new AMPA receptors, while the 1:1 t-LTP did not. The activation of separate signaling pathways was supported by a lack of occlusion between the two protocols. Furthermore, the distinctness of the two modes of t-LTP expression was also underlined by our findings that the 1:1 t-LTP was absent upon 1:4 stimulation, despite the fact that the 1:1 stimulation is contained within the 1:4 protocol. This suppression suggests that both mechanisms can be activated or silenced independently in response to different rhythms of synaptic activation. Our study reveals that subtle changes in firing patterns of postsynaptic neurons following presynaptic stimulation can (B) 1:1 (blue, canonical t-LTP) and 1:4 (red, burst t-LTP) protocol for induction of t-LTP in CA1 pyramidal neurons. Right: time course of increase in EPSP slopes for cells (averages) potentiated with either of the two different paradigms (open circles, t-LTD). Insets: average EPSP before (1) and after t-LTP induction (2). (C) Dependence of direction (i.e., t-LTD or t-LTP) and magnitude of changes in EPSP slopes on spike timing intervals (Dt) for the two induction protocols. Each symbol represents an individual cell. (D) Average change in EPSP slopes 30 min following t-LTP induction normalized to control before t-LTP induction. Similar levels of t-LTP for both protocols for positive pairings (left); induction was dependent on NMDA-R activation (right); *p < 0.05 (ANOVA followed by post hoc Tukey test). Similar t-LTD was seen for both protocols for negative pairings (right). Data are expressed as mean ± SEM. Digits indicated in the bars represent the number of recorded neurons per condition, originating from at least three different animals per group (see also Figures S1 and S8).
decisively change the expression mechanism and locus of synaptic plasticity.
RESULTS

Pre-or Postsynaptic Expression of t-LTP in CA1 Depends on STDP Induction Paradigm
We used whole-cell patch clamp recording in single postsynaptic CA1 pyramidal neurons from juvenile rats and mice to investigate t-LTP of Schaffer collateral inputs. Both positive and negative pairings were investigated with 2 to 25 ms intervals (Edelmann and Lessmann, 2011 (Figures 1 and S1 ), while negative pairings revealed t-LTD (Figure 1 ). Induction of t-LTP with 1:1 and 1:4 protocols was critically dependent on NMDA receptor activation ( Figure 1D ; ANOVA F (4,80) = 3.5305; p = 0.011).
STDP can be efficiently induced by various paradigms and in different brain areas (reviewed in Pawlak et al., 2010) . The 1:1 paradigm is considered as the canonical type of STDP (Bi and Poo, 1998; Campanac and Debanne 2008) . However, theta burst AP firing is a physiologically relevant firing pattern that is observed in hippocampal CA1 neurons during learning in vivo (Otto et al., 1991) , and 1:4 paradigms have been shown previously to elicit t-LTP in the neocortex (Seol et al., 2007) . We hypothesized that the 1:1 and 1:4 STDP paradigms (referred to hereafter as canonical t-LTP = 1:1 versus burst t-LTP = 1:4) signal through different mechanisms to achieve t-LTP. To test this hypothesis we applied the 1:1 and 1:4 STDP stimulations subsequently in the same cells keeping the overall number of postsynaptic APs constant (i.e., 100). If both protocols would recruit identical signaling modules we would expect to see occlusion of LTP. Interestingly, in spite of the similar t-LTP magnitude induced by the two STDP paradigms (Figure 1 ), no occlusion was observed upon consecutive activation of both protocols in the same cells (Figure 2A ; for pre(1)-post(2), t (6) = 3.364, p = 0.015, 1-sample t test; for pre(2)-post(3), (A) Absence of occlusion between signaling cascades and expression mechanisms of the two t-LTP forms. Time course (left) and average magnitude of t-LTP at 30 min (for 1:1 canonical paradigm, p < 0.05, one-sample t test) and at 60 min (for 1:4 burst t-LTP paradigm, p < 0.05, twotailed Student's t test; right, n = 7). Averaged original EPSP traces before and after potentiation are shown above graph. Input resistance (R in ) was stable and showed no obvious deflection during the whole recording time. (B) Average (large circles) and individual cell (small circles) ratio of squared coefficient of variation before (''b'') and after (''a'') t-LTP induction plotted versus respective ratio of EPSP slopes in the same cells. Data are expressed as mean ± SEM. (C) Average (colored circles) and individual cell (gray circles) paired pulse ratio (PPR) before and after t-LTP induction with the two different paradigms (blue, 1:1 [n = 14 from at least four animals]; red, 1:4 [n = 14 from at least four animals]). PPR was induced at an interpulse interval of 50 ms (*p < 0.05, paired Student's t test). (D) Average magnitude of potentiation 30 min after t-LTP induction with the canonical 1:1 protocol (left) in the absence (n = 6, blue) or presence (n = 5, green) of 100 mM Pep1-TGL, and for the 1:4 burst t-LTP protocol (right) in absence (n = 8, red) or presence (n = 6, green) of 100 mM Pep1-TGL (1:1 protocol, p > 0.05; and 1:4 protocol, *p < 0.05; Mann-Whitney U test). (E) The AMPA/NMDA ratio was significantly increased for t-LTP induced by the 1:4 protocol, but not by 1:1 stimulation or under control conditions (*p < 0.05, ANOVA). Right: specific pharmacological block of AMPA and NMDAR currents at given holding potentials (n = 3 per group). Numbers in bars indicate the number of recorded neurons per condition, originating from slices of at least three different animals per group. Data are represented as mean ± SEM (see also Figures S1-S3, S5, and S8). t (12) = À2.331, p = 0.04, two-tailed Student's t test), suggesting independent signaling mechanisms for canonical and burst t-LTP. We next determined whether the two types of t-LTP induced by 1:1 and 1:4 protocols involved different synaptic loci and expression mechanisms. To assess a possible presynaptic contribution to t-LTP, we analyzed the paired pulse ratio (PPR, interstimulus interval 50 ms) and the coefficient of variation of synaptic responses (CV; Faber and Korn, 1991; Manabe et al., 1993) before and after expression of t-LTP. PPR is a presynaptic form of shortterm synaptic plasticity that depends on residual presynaptic calcium levels (Zucker and Regehr, 2002) . Decreased PPR after expression of LTP is generally considered to reflect increased probability of transmitter release upon the first stimulus, thus indicating a presynaptic mechanism of LTP expression. The CV (as well as CV 2 ) is a readout of presynaptic variability of transmitter release upon repeated stimulation, normalized by the mean (Malinow and Tsien, 1990; Manabe et al., 1993) . Accordingly, CV 2 after t-LTP induction should decrease compared to CV 2 before LTP induction. Therefore, presynaptic expression of t-LTP should be accompanied by reduced PPR and decreased CV 2 after LTP stimulation (see also Bender et al., 2009) . In fact, the PPR analysis suggested a presynaptic change only for canonical t-LTP, but indicated unaltered presynaptic release probability upon expression of burst t-LTP ( Figure 2C , paired Student's t test t (13) = 2.38579; p = 0.033; Figure S1 , PPR 1:2 , paired Student's t test t (13) = 0.79637, p = 0.440). In accordance with the PPR results, the CV analysis was consistent with a prominent postsynaptic expression mechanism only in the case of burst t-LTP (i.e., no change in CV 2 ), and a predominant presynaptic mechanism for the canonical t-LTP (decrease in CV 2 after LTP stimulation; Figure 2B ; Figure S1C for 1:2).
Given the large intercellular variability of the PPF and CV analysis, and to test more directly for postsynaptic contributions in t-LTP expression, we loaded in an additional series of experiments the recorded cells via the patch pipette solution with an inhibitory peptide for incorporation of GluA1 containing AMPA receptors (Pep1-TGL; Hayashi et al., 2000) . Induction of burst t-LTP was completely inhibited by Pep1-TGL, while canonical t-LTP was not affected ( Figure 2D ; for 1:1 protocol, Mann-Whitney U test U = 11.0, p = 0.465; for 1:4 protocol, U = 7.00, p = 0.028; intermediate 1:2 paradigm, see Figure S1 ). Basic electrophysiological and synaptic properties were not altered by Pep1-TGL ( Figure S2 ). Together these data ( Figures 2B-2D ) suggest that the dominant expression mechanism for canonical t-LTP is likely presynaptic, and the dominant expression of burst t-LTP is postsynaptic via incorporation of AMPARs, thus confirming our results from the PPF and the CV analysis. The same analysis suggested a mixed pre-and postsynaptic expression mechanism for t-LTP induced with the 1:2 paradigm ( Figure S1 ).
Additional evidence for a postsynaptic mechanism of expression for the burst t-LTP can be obtained by determining the AMPA/NMDA ratio after t-LTP induction ( Figure 2E ). While the canonical t-LTP was not accompanied by a change in AMPA/ NMDA ratio after LTP expression, burst t-LTP was paralleled by a significant increase in the AMPA/NMDA ratio (compare to unpaired control, ANOVA F (2,22) = 8.4891, p = 0.002). Application of NBQX and APV revealed almost exclusive, strong activation of either AMPA or NMDA currents at the different holding potentials used to estimate the AMPA/NMDA ratio (see Experimental Procedures). Differences in expression mechanisms between the two protocols were also evident from analyzing spontaneous excitatory postsynaptic currents (sEPSCs) before and after induction of t-LTP ( Figure S3 ). While the amplitude distribution did not change after induction of canonical t-LTP ( Figure S3A ), we observed a significant change in amplitude distribution after inducing burst t-LTP ( Figure S3B ). In conjunction with the significant change in the sEPSC frequency distribution, this supports a postsynaptic expression of burst t-LTP by activation of silent synapses via AMPA receptor recruitment (Figures S3B and S3D; compare Isaac et al., 1996 and Oliet et al., 1996) .
Taken together these data demonstrate that independent nonoccluding t-LTP can be elicited by the 1:1 and 1:4 protocols. Moreover, by using four different and independent measures to assess pre-versus postsynaptic changes induced by the two protocols, our data clearly show postsynaptic expression for burst t-LTP, while the expression mechanism for canonical t-LTP is distinct and most likely involves presynaptic changes.
Chronic Reduction of BDNF Availability in Heterozygous BDNF Knockout Mice Selectively Inhibits Burst t-LTP Induced by the 1:4 Protocol To test whether BDNF signaling is involved in mediating the two types of t-LTP we first conducted experiments in heterozygous BDNF knockout mice (BDNF +/À ), expressing roughly 50% of BDNF protein levels of wild-type (WT) animals (Schildt et al., 2013) . Basic electrophysiological and synaptic properties were not affected in CA1 neurons of BDNF +/À animals ( Figures 3C-3G ). However, burst t-LTP in response to 1:4 stimulation was selectively inhibited ( Figure 3B ; Mann-Whitney U test U = 19.0, p = 0.049), whereas the canonical t-LTP induced with the 1:1 protocol was still functional ( Figure 3A ; Mann-Whitney U test U = 11.00, p = 0.465). These data suggested that the canonical t-LTP was BDNF independent, while burst t-LTP was BDNF dependent.
Acute Inhibition of BDNF/TrkB Signaling Selectively Blocks Burst t-LTP Induced by the 1:4 Protocol
Compensatory changes resulting from the long-lasting reduction of BDNF expression in constitutive BDNF +/À mice could lead to errors in determining BDNF-dependent effects. We therefore analyzed the BDNF dependence of t-LTP also after acute inhibition of BDNF/TrkB signaling that can be achieved either by extracellular application of TrkB receptor bodies (TrkB-Fc), which scavenge endogenously released BDNF (Shelton et al., 1995) , or by incubation of slices with the Trk kinase inhibitor k252a (Meis et al., 2012) Figure S2 ; for TrkB-Fc, Figure S4 ). We also tested the effects of L-NAME (200 mM), which acts as NO synthase inhibitor with broad specificity, to determine if the BDNF-independent canonical t-LTP requires this retrograde messenger. However, neither the canonical, nor the burst, t-LTP were significantly reduced by NO synthase inhibition ( Figure S8 ). Together, these results strongly suggest a complete independence of the canonical t-LTP from BDNF signaling, while the postsynaptic expression of burst t-LTP strictly depends on TrkB pathways. Furthermore, these results also reveal that the expression mechanism upon 1:1 stimulation is not co-activated by the 1:4 protocol, demonstrating an unprecedented complete switch in the expression mechanism of t-LTP.
Postsynaptic Blockade of BDNF/TrkB Signaling Inhibits Selectively the Postsynaptic Burst t-LTP Induced by the 1:4 Protocol
To elucidate whether TrkB receptors need to be activated in preor postsynaptic neurons to mediate the postsynaptic t-LTP, we included k252a (200 nM) in the patch pipette solution to specifically block postsynaptic Trk receptors, and stimulated with either the 1:4 or the 1:1 protocol ( Figure 6 ). Under these conditions, t-LTP was absent following the 1:4 protocol only (Figure 6A ; quantification for 1:1 protocol [left], Mann-Whitney U test U = 35.0, p = 0.753; for 1:4 protocol [right], Mann-Whitney U test U = 48.0, p = 0.021). Basic electrophysiological and synaptic properties after postsynaptic k252a loading remained unaffected ( Figure S4 ). These results show that activation of postsynaptic TrkB receptors in t-LTP is specific to the BDNFsensitive 1:4 t-LTP protocol.
Postsynaptic Secretion of Endogenous BDNF Is
Responsible for Burst t-LTP Induced by the 1:4 Protocol Although the postsynaptic 1:4-induced burst t-LTP was dependent on TrkB signaling, the site of BDNF secretion leading to this LTP was unknown. Secretion of BDNF from hippocampal neurons is regulated by intracellular cAMP (Kolarow et al., 2007) . Furthermore, cAMP gates high-frequency stimulationinduced LTP in CA1 (Blitzer et al., 1995; Patterson et al., 2001) . We reasoned that if postsynaptic secretion of BDNF is responsible for burst t-LTP, then we could mimic burst t-LTP by triggering BDNF release with cAMP agonists introduced into the recorded postsynaptic neuron via the patch pipette, combined with postsynaptic electrical stimulation. Indeed, when intracellular application of the non-hydrolysable PKA-specific cAMP agonist Sp-8-OH-cAMPS (Sp-8) was accompanied by 35 repetitions of bursts of four APs (same postsynaptic AP pattern as during burst t-LTP protocol, but not paired with presynaptic stimulation), synaptic plasticity of similar magnitude as seen with the 1:4 t-LTP protocol was observed (Figures 7A and 7C) . Confirming the requirement for BDNF, the induction of this potentiation by combined postsynaptic application of Sp-8 and postsynaptic firing of 35 3 4APs was absent when the BDNF scavenger TrkB-Fc was present in the extracellular solution. However, application of TrkB-Fc alone did not decrease synaptic transmission. Thus, potentiation was dependent on postsynaptic BDNF secretion in response to combined AP burst firing and Sp-8 elevation that was selectively triggered in the recorded postsynaptic neuron ( Figure 7A ; two-tailed Student's t test t (14) = 3.2460, p = 0.006, Sp-8 [n = 9]; TrkB-Fc [n = 7]). In contrast, application of Sp-8 alone in the absence of postsynaptic stimulation induced no changes in synaptic responses (Figure 7B) . Similarly, 35 3 4APs without Sp-8 in the postsynaptic neuron, and not paired with presynaptic stimulation, also did not induce potentiation ( Figure 7B ). Postsynaptic Sp-8 combined with 100 3 1AP (0.5 Hz; the same postsynaptic stimulation as in the 1:1 t-LTP protocol), was also unable to induce potentiation ( Figure 7B ; ANOVA F (6,40) = 4.75573, p = 0.001). Basal electrophysiological properties of postsynaptic neurons were not affected by wash-in of Sp-8 (Figures S3E-S3I ). These data show that only the combination of postsynaptic firing of 35 3 4AP bursts (i.e., the postsynaptic part of the burst t-LTP protocol) together with postsynaptic cAMP elevation was sufficient to mimic the BDNF-dependent t-LTP observed with the 1:4 t-LTP protocol.
Postsynaptic cAMP Elevation Combined with Burst
Firing Induces BDNF Release-Dependent Plasticity that Occludes Burst t-LTP If the BDNF-dependent burst t-LTP and the BDNF-dependent plasticity induced by postsynaptic cAMP plus 35 3 4APs share common signaling pathways, they should occlude one another. To test this hypothesis we first induced plasticity with Sp-8 in combination with the 35 3 4AP burst firing, and then checked in the same cells whether plasticity could be further enhanced with the 1:4 t-LTP protocol. Supporting the above hypothesis, we observed a clear occlusion in these experiments ( Figure 7C ; repeated-measure ANOVA, for treatment ''stimulation paradigm'' F (1,9) = 0.6799, p = 0.431; for time F (2,8) = 19.4948; p = 0.001; and for treatment 3 time F (2,9) = 5.3532, p = 0.034). The occlusion could not be explained by washout of intracellular constituents up until the time point of t-LTP induction since in control experiments without Sp-8 in the patch pipette and without prior 35 3 4AP burst firing, t-LTP could be induced with the 1:4 protocol 30 min after breaking the patch (i.e., at the time point of the occlusion experiment; compare CTRL in Figure 7C ; for experimental time line, see inset on left side). Interestingly, cells not responding with potentiation to the Sp-8 plus 35 3 4AP burst stimulation (so called non-responders; n = 6) could also not be potentiated with the subsequent 1:4 t-LTP protocol ( Figure 7C ). This indicates that either the two protocols both worked in a respective CA1 neuron, or neither of them did, further supporting the notion that BDNF-dependent burst t-LTP shares the same postsynaptic signaling mechanism with the postsynaptic BDNF-dependent plasticity induced by pairing 35 3 4AP bursts with cAMP elevation. secretion, we performed patch clamp experiments in cultured hippocampal neurons expressing GFP-tagged BDNF (Hartmann et al., 2001; Kuczewski et al., 2008 ; see Figure 8A ). These cells have been described previously to show dendritic activitydependent release of BDNF-GFP (Brigadski et al., 2005; Kolarow et al., 2007) with similar properties as transfected CA1 pyramidal neurons in organotypic hippocampal slice cultures (Figures S6 and S7) . Moreover, transfected CA1 pyramidal neurons in slices also exhibit targeting of BDNF-GFP vesicles to dendritic spines ( Figure S7 ) confirming a postsynaptic location. APs were elicited (3 3 100 APs at 20 Hz) in cultured hippocampal neurons, and postsynaptic BDNF secretion was monitored as a decrease of BDNF-GFP fluorescence in dendritic secretory granules (Brigadski et al., 2005 ; Figures 8A-8D ). For better control of cAMP elevation throughout the extensively branched dendrites of the neurons, cells were superfused with membrane-permeable 8-Br-cAMP. We observed that postsynaptic spiking in the absence of 8-Br-cAMP or 8-Br-cAMP application alone elicited only very modest BDNF secretion. In contrast, pairing of spike firing with 8-Br-cAMP superfusion dramatically boosted dendritic BDNF secretion ( Figure 8E ; ANOVA F (3,26) = 5.999, p = 0.003).
Since BDNF secretion and AMPA receptor insertion both require vesicle exocytosis it could be argued that the Pep1-TGL peptide used to block AMPA receptor insertion might have affected BDNF secretion in these experiments as well (compare Figure 2D) . However, postsynaptic loading of Pep1-TGL did not inhibit BDNF secretion ( Figure S5 ). This further strengthens the selective action of this peptide in inhibiting insertion of AMPA receptor-containing vesicles, whereas other exocytotic processes (i.e., BDNF secretion) remained unaffected by this procedure.
These results indicate that intracellular cAMP elevation combined with postsynaptic barrages of APs is an efficient way to induce postsynaptic BDNF secretion from hippocampal neurons, supporting the idea that the released BDNF in the burst t-LTP and occlusion experiments originated from postsynaptic neurons.
DISCUSSION
In this study, we addressed several fundamental and unresolved questions concerning the expression of t-LTP and the requirements for BDNF and TrkB signaling at individual synapses. To induce t-LTP, we used the canonical 1:1 STDP protocol along with a 1:4 protocol that mimics postsynaptic theta bursts of APs-a firing pattern that is observed during learning processes in vivo. These experiments uncovered an unprecedented complete switch in the expression mechanism of t-LTP, from postsynaptic with the 1:4 burst firing to predominant presynaptic with the canonical 1:1 LTP induction. Further, we demonstrated that endogenous release of BDNF and its autocrine action at the postsynapse of CA1 pyramidal neurons is critical to burst t-LTP, thus revealing a mechanism for BDNF action in STDP that may correspond to memory formation in a single cell in vivo.
Burst t-LTP, but Not Canonical t-LTP, Is Expressed at the Postsynapse
The activation of early LTP in CA1 by paired presynaptic activation and sustained postsynaptic depolarization is characterized by the insertion of new AMPA receptors into the postsynaptic membrane (reviewed in Malenka and Nicoll, 1999) . However, the expression site and mechanism of STDP-induced LTP (t-LTP) has not been determined (Feldman, 2012) . The results presented here show that the 1:4 burst t-LTP was expressed at postsynaptic sites and suggest that the 1:1 canonical t-LTP was expressed by presynaptic modifications. Applying the Figure S4 ). same analysis to a 1:2 protocol, we recorded intermediate results and could not clearly assign t-LTP expression to either the presynaptic or postsynaptic side ( Figure S1 ), consistent with a mixed expression mechanism for 1:2 induction. Inhibition of AMPA receptor insertion in the postsynaptic neuron with Pep-1-TGL (Itami et al., 2003) blocked t-LTP induction by the 1:4, but not the 1:1, protocol (Figure 2 ). Although BDNF secretion and AMPA receptor insertion both depend on vesicle exocytosis, our BDNF secretion experiments ( Figure S5 ) revealed that BDNF release is not affected by postsynaptic Pep-1-TGL, thus supporting the selectivity of this peptide for inhibition of AMPA receptor insertion in our experiments. Additional evidence for the postsynaptic expression of the burst t-LTP was provided by the significant increase in the AMPA/NMDA ratio after successful burst t-LTP induction (Figure 2) , and by the right shift of the cumulative distribution curve of sEPSC amplitudes in conjunction with an increase in sEPSC frequencies, which suggested activation of silent synapses ( Figure S3 ; Isaac et al., 1996; Oliet et al., 1996; Malenka and Nicoll, 1997; Kerchner and Nicoll, 2008 ). An increased sEPSC frequency in the absence of an altered sEPSC amplitude distribution could be expected for the 1:1 t-LTP that was likely expressed at the presynapse; however, this was not evident from our experiments. It is possible that since the majority of presynaptic terminals from which sEPSCs are recorded in a given cell do not undergo t-LTP, this relatively small change was not detectable.
The assignment of STDP-induced LTP to distinct expression sites is further supported by our findings that different intracellular signaling cascades were activated by the 1:1 and 1:4 STDP protocols. We found that chronic reduction of BDNF in heterozygous mice, and acute inhibition of BDNF signaling with k252a or with TrkB receptor bodies, successfully blocked t-LTP induction by the 1:4, but not by the 1:1, protocol. This result was surprising since the burst t-LTP-inducing 1:4 protocol actually includes the 1:1 stimulation pattern, but the BDNF signaling results indicate that the 1:1 t-LTP and the 1:4 burst t-LTP invoke independently co-existing signaling mechanisms. The independent co-existence of the canonical and the burst t-LTP mechanisms is also evident from the occlusion experiment, showing that we can first evoke canonical t-LTP by the 1:1 stimulation and afterwards-in the same cells-additionally the 1:4-induced burst t-LTP (Figure 2) . Further studies will be needed to address whether the BDNF-dependent and -independent t-LTP mechanisms show distinct locations along postsynaptic dendrites.
Burst t-LTP Depends on Endogenously Released BDNF BDNF has been widely implicated in mechanisms of memory and synaptic plasticity; however, much less is known about the release of physiological levels of endogenous BDNF in LTP (for review see Edelmann et al., 2014) . Long-lasting postsynaptic depolarization of cultured hippocampal and cortical neurons was shown to presynaptically enhance glutamatergic synaptic transmission via endogenously released BDNF (Magby et al., 2006; Walz et al., 2006) . Inhibition of BDNF/TrkB signaling in Xenopus tectum blocks STDP-induced t-LTP that is elicited by Figure S4 ). paired pre-and postsynaptic spike bursts (Mu and Poo, 2006) and glutamate pulse-induced t-LTP in cultured hippocampal neurons (Lu et al., 2013) . However, these studies did not determine the site of BDNF release and of BDNF/TrkB signaling in electrophysiological t-LTP that was induced in intact acute hippocampal slices. Furthermore, these previous studies did not address the site of t-LTP expression in CA1 of the hippocampus and did not investigate how the expression mechanism of t-LTP is regulated by distinct types of synaptic stimulation (1:1 versus 1:4). The results we present here demonstrate the requirement for endogenous BDNF in burst t-LTP that is secreted and acts on the postsynapse.
Additional lines of evidence point to a role for endogenous BDNF in LTP. For example, mossy fiber LTP in immature Intracellular Sp-8 was combined with 35 3 4 APs at 0 min, and 1:4 burst t-LTP protocol was elicited at +20 min (red circles, n = 6), or cells were recorded without Sp-8, and 1:4 burst t-LTP was elicited at +20 min (black circles, n = 5), *p < 0.05, repeated-measure ANOVA. Blue circles indicate Sp-8-loaded cells not showing potentiation after 35 3 4 AP protocol, which were also not potentiated by subsequent 1:4 burst t-LTP stimulation (non-responders, n = 6). Scheme on the left indicates stimulation protocol for the three different conditions. Digits in the bars indicate the number of recorded neurons per condition, originating from a minimum of three or four different animals per subgroup. Data are expressed as mean ± SEM (see also Figure S3 ). GABAergic postsynaptic CA3 neurons requires both BDNF and cAMP signaling in presynaptically expressed STDP (Sivakumaran et al., 2009) . Moreover, endogenously released BDNF and TrkB signaling are required for high-frequency stimulationinduced mossy fiber LTP in mature preparations (Schildt et al., 2013) . BDNF release is also required for LTP induced at cortico-striatal synapses (Park et al., 2014) . Finally, endogenous BDNF is required for inducing postsynaptic spine growth in CA1 pyramidal neurons in response to a simulated STDP protocol involving induced glutamate pulses paired with postsynaptic spikes (Tanaka et al., 2008) . Our results extend these findings by examining endogenous BDNF release in response to electrophysiologically induced t-LTP in mature CA1 neurons. One conclusion arising from this finding is that physiologically relevant burst firing patterns that are also observed in CA1 neurons in vivo give rise to BDNF-dependent synaptic plasticity, which likely contributes to memory storage in the hippocampus.
We also demonstrate that the postsynaptic release of endogenous BDNF exerts its activity in an autocrine manner on TrkB receptors at the postsynapse ( Figure 6 ). To our knowledge, this is the first description of autocrine activity for BDNF in hippocampal STDP, but the finding is in agreement with other reports showing a requirement for TrkB at postsynaptic sites during pairinginduced conventional LTP in other brain regions (somatosensory cortex, Itami et al., 2003; amygdala, Meis et al., 2012) . Although BDNF has also been described as a factor that reduces synaptic fatigue in slices from young mice and enables high-frequency stimulation-induced LTP (Figurov et al., 1996) , this cannot explain the t-LTP effects observed in our study since t-LTP is achieved with low synaptic stimulation frequency (0.5 Hz).
Endogenous Release of BDNF in Burst t-LTP Is Postsynaptic
An unresolved question concerning BDNF in t-LTP is whether BDNF is secreted from presynaptic or postsynaptic locations. Numerous studies have shown that BDNF mRNA is present in CA1 pyramidal neurons (Hofer et al., 1990; Wetmore et al., 1990; Conner et al., 1997; An et al., 2008; reviewed in Tongiorgi et al., 2006) , and that BDNF protein expression is detectable in somata and dendrites of CA1 neurons in hippocampal slices (Wetmore et al., 1991; Dugich-Djordjevic et al., 1995; Schmidt-Kastner et al., 1996; reviewed in Edelmann et al., 2014) . These data suggest that BDNF protein is present in postsynaptic dendrites of CA1 pyramidal neurons-which is the location where we record t-LTP.
In this work, we used several approaches to determine the location of BDNF release. First, our t-LTP recordings suggest postsynaptic BDNF secretion from CA1 pyramidal neurons in acute hippocampal slices only in response to postsynaptic burst firing that is elicited by the 1:4 protocol, but not by single postsynaptic APs during the 1:1 stimulation ( Figure 5 ). Second, our electrophysiological results showed that the BDNF-dependent burst t-LTP could be mimicked and occluded by coupling postsynaptic APs with postsynaptic cAMP treatment of neurons to induce BDNF secretion (Figure 7) . Third, our live-cell imaging data (Figure 8 ) directly showed postsynaptic BDNF secretion from hippocampal neurons in response to repetitive postsynaptic spiking when this electrical stimulation was paired with elevated intracellular cAMP levels. Finally, live-cell imaging of BDNF-GFP release in organotypic hippocampal slices suggested similar BDNF release properties as observed in cultured neurons ( Figures S6 and S7) .
While our experiments do not visualize t-LTP-induced BDNF release from acute hippocampal slices, the cultured neurons in which we were able to detect postsynaptic BDNF secretion are comparable to acute slices in that they exhibit similar t-LTP (Bi and Poo, 1998) . Although one study failed to detect BDNF protein in dendritic compartments of CA1 neurons in the hippocampus using immunocytochemistry (Dieni et al., 2012) , endogenous levels of BDNF in CA1 dendrites-while sufficient to affect t-LTP-might be below the lower limit of antibody detection. Thus, our work demonstrates that CA1 pyramidal neurons in hippocampal slices have the capacity to synthesize and postsynaptically release endogenous BDNF during burst t-LTP.
Our results demonstrate that repeated burst firing of APs, but not repetitive individual APs, can elicit postsynaptic BDNF secretion during t-LTP. This observation is consistent with previous studies showing that AP bursts, but not firing of an identical number of spikes at lower frequency, are required for BDNF release from cultured hippocampal neurons (Balkowiec and Katz, 2002; Kuczewski et al., 2008) . These data corroborate the importance of BDNF signaling for forms of synaptic plasticity that rely on brief burst discharges of APs.
In summary, our study reveals that repeated burst firing of hippocampal CA1 pyramidal neurons paired with presynaptic stimulation elicited BDNF-dependent t-LTP at glutamatergic synapses. Repeated burst firing of CA1 pyramidal neurons is proposed to underlie memory formation in the hippocampus and is a characteristic firing pattern observed during learning in vivo. Postsynaptic TrkB signaling was essential to the burst t-LTP, which was marked by insertion of new AMPA receptors into the postsynaptic membrane. The burst t-LTP was mechanistically separate from a BDNF-independent t-LTP induced by the canonical 1:1 pairing, and the two modes of t-LTP showed no occlusion at the same synapses. Lastly, our data should facilitate the design of new experiments helping to unravel how physiologically relevant modes of synaptic activation leading to BDNF-dependent synaptic modifications contribute to memory storage processes in the mammalian brain.
EXPERIMENTAL PROCEDURES
All experiments were performed in accordance with the ethical guidelines for the use of animals in experiments and were carried out in accordance with the European Committees Council Directive (86/609/EEC) and approved by the Landesverwaltungsamt Saxony-Anhalt.
Animals
STDP experiments were performed on transversal hippocampal slices (350-to 400-mm thickness) from either P15-P23 Wistar rats (Charles River, Sulzfeld, both sexes), or from P25-P35-day-old male BDNF +/À mice bred on a C57Bl/ 6J genetic background (Korte et al., 1995) or their WT littermates, respectively, as described previously (compare Lessmann, 2011, 2013) , with minor modifications. Genotypes of knockout animals were accessed by PCR from tail biopsies after performing and analyzing the experiments. Release experiments were performed with neonatal rat hippocampal cultures (Sprague Dawley; Charles River, Sulzfeld).
Tissue Preparation
In short, animals were decapitated after being anesthetized with an intraperitoneal injection of ketamine (1 ml/kg, Sigma-Aldrich, Germany) or forene (isoflurane; Baxter, Germany). The brain was quickly removed from the skull and placed in an ice-cold preparation solution containing the following (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 20 glucose, 1 CaCl 2 , 6 MgCl 2 , saturated with 95% O 2 and 5% CO 2 (pH 7.4; 303-310 mosmol/kg). After slicing, the CA1 region was isolated from excessive CA3 input by a single cut between CA3 and CA2 to reduce spontaneous EPSPs and bursting when inhibition was blocked with picrotoxin. Slices were then incubated for 20 min at 35 C and were allowed to cool to room temperature for at least 1 hr before recording.
Electrophysiology in Acute Hippocampal Slices
Recording conditions were as described previously (Edelmann and Lessmann, 2011) . Briefly, pyramidal neurons in CA1 region of hippocampus were visualized with DIC infrared video microscopy for patch clamp experiments. For all whole-cell recordings 100 mM picrotoxin was added to the bath solution containing the following (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 20 glucose, 2 CaCl 2 , 1 MgCl 2 , saturated with 95% O 2 and 5% CO 2 (pH 7.4; 304-306 mosmol/kg). Slices were incubated for at least 10 min in the recording chamber before start of recording. Whole-cell recordings were performed at 30.5 C ± 0.2 C, with pipettes (pipette resistance 6-10 MU) filled with internal solution containing the following (in mM): 115 potassium gluconate, 10 HEPES, 20 KCl, 4 Mg-ATP, 0.3 Na-GTP, 10 Na-phosphocreatine, 0.001 CaCl 2 ; pH was adjusted to 7.4 using KOH (280-290 mosmol/kg). Cells were held in the current clamp mode at À70 mV. A liquid junction potential of +10 mV of the pipette solution was corrected for. For stimulation of Schaffer collaterals, a bipolar concentric stimulation electrode (Frederick Haer & Co., Bowdoin) was placed in stratum radiatum of the CA1 subfield. During control and test periods, EPSPs were evoked at 0.05 Hz. Stimulus intensity was adjusted to evoke 30%-50% of maximal EPSP amplitudes (stimulus duration 0.7 ms, intensity 10-1,000 mA). Cells were accepted for analysis only if the resting membrane potential was between À50 and À70 mV at the start of the recording and did not deviate more than 5 mV afterwards. Input resistance was verified by a 20-pA hyperpolarizing current injection (250 ms). Data were discarded if input resistance changed more than 30% throughout the recording or in case of a noticeable run-down or run-up of synaptic responses during the first 10 min of a recording. STDP was induced by repeated pairings of one presynaptically induced EPSP, evoked by stimulation of Schaffer collaterals and one, two, or four postsynaptic APs induced by somatic current injection (2-3 ms, 1 nA) via the recording electrode. Pairings were repeated 20-150 times depending on protocol and species. t-LTP was induced by pre-post pairings (at positive spike timings) with either a 1 EPSP/1 AP pairing (70-100 repeats at 0.5 Hz) or a 1 EPSP/4 AP pairing (20-35 repeats at 0.5 Hz). In some experiments, a paradigm with 1 EPSP/2 AP (50 repeats at 0.5 Hz) was used. t-LTD was induced by post-pre pairings (with negative spike timings) with either 1 AP/1 EPSP pairing (100-150 repeats at 0.5 Hz) or 4 AP/1 EPSP pairing (with 25 repeats at 0.5 Hz). Spike timing (i.e., Dt in ms) was determined between the onset of the EPSP and the peak of the first AP. As a negative control, experiments with ongoing synaptic test stimulation over 45 min at 0.05 Hz, but without pairing with postsynaptic APs, were performed. NMDA receptor dependence of STDP was tested by bath application of 50 mM APV. Bath-applied k252a (dissolved in DMSO; final DMSO concentration in the bath 0.1%) was preincubated for at least 30 min before STDP induction in the recording chamber. k252a in the pipette solution was applied at least 10 min prior to the start of the LTP recordings. In some experiments, slices were preincubated with a BDNF scavenger (TrkB-Fc; 5 mg/ml ACSF) for at least 3 hr in an interface chamber. In addition, ACSF was supplemented with 100 ng/ml TrkB-Fc during recording of baseline and until 3 min after LTP induction in these experiments. Interleaved controls were treated identically, but without addition of TrkB-Fcs to the ACSF. To determine the expression locus of t-LTP the 11-amino acid peptide Pep1-TGL (100 mM; Tocris, Bristol) was applied to the postsynaptic cell via the patch pipette to inhibit GluA1 incorporation during LTP. Postsynaptic secretion of BDNF was provoked by AP firing in hippocampal CA1 pyramidal cells loaded for 20 min after whole-cell rupture with 4 mM Sp-8-OH-cAMPS (Biolog, Germany). Dependence of the observed effects on BDNF secretion was verified by inhibition with TrkB-Fc (see above).
Data Acquisition and Data Analysis
Whole-cell recordings were obtained using either an EPC8 patch clamp amplifier connected to a LiH8+8 interface or an EPC10 amplifier (HEKA, Germany) and acquired with PATCHMASTER software (HEKA, Germany). Data were filtered at 3 kHz and digitized at 10 kHz. Data analysis was performed using FITMASTER (HEKA, Germany) and Mini Analysis software (Synaptosoft, USA). Synaptic signals were recorded in the current clamp mode as EPSPs, except for PPR, recorded in voltage clamp.
EPSP slopes were calculated from the initial 2 ms after EPSP onset. All data were normalized to baseline conditions, and baseline was set to 100% (average over 5-10 min). The change of EPSP slopes, as an indicator for synaptic change, was calculated as the normalized change in response size averaged between 20 and 30 min after t-LTP or t-LTD induction. The AMPA/NMDA current ratio was assessed after successful t-LTP induction for both paradigms and in control cells, respectively, to determine AMPA receptor insertion. AMPA receptor-mediated peak currents were measured in voltage clamp recordings at À70 mV. NMDA currents were read out as the maintained current amplitudes at 50-60 ms after the onset of the EPSCs at a holding potential of À20 mV. To be compatible with recording conditions in all other t-LTP experiments adaptation of recording solutions (e.g., Cs + replacing K + ) or pharmacological manipulations had to be omitted in these experiments. Likewise, NMDA currents were not determined at positive holding potentials, since this had an impact by itself on synaptic potentiation. Treatment with either 50 mM APV to block NMDA currents (Tocris, Bristol) or 10 mM NBQX (Tocris, Bristol) to inhibit AMPA currents revealed that at the given holding potentials the readout was selective for NMDA and AMPA currents, respectively. Occlusion experiments were used to prove similarity or independence of recruited signaling mechanisms elicited by a specific protocol (compare results). In these types of experiments multiple t-LTP stimulations were consecutively performed to see overlap or change in signaling mechanisms.
BDNF-GFP Release Experiments
Microcultures of dissociated postnatal rat (P0-P2; Sprague Dawley; Charles River, Germany) hippocampal neurons were prepared as described previously . Microcultures were transfected with GFPtagged BDNF at 8 DIV using Ca 2+ phosphate precipitation (Haubensak et al., 1998) . Live cell imaging was performed with BDNF-GFP expressing hippocampal neurons (10-11 DIV, 2-3 days after transfection) in a perfusion chamber filled with buffer solution (in mM; 20 HEPES, 100 NaCl, 4 KCl, 2 CaCl 2 , 1 MgCl 2 , 1 Na 2 HPO 4 , 10 glucose, 0.01 glycine; pH was adjusted to 7.38 with NaOH; 238-242 mosm/kg). The chamber was mounted on a fixed-stage upright microscope (Axio Examiner.A1; Carl Zeiss MicroImaging, Jena). Hippocampal cells were visualized with 633 water immersion objective (W Plan-Apochromat; numerical aperture [NA]: 1.0; Carl Zeiss, Germany) and a cooled CCD camera system (CoolSNAP ES2; Photometrics, Huntington Beach). Whole-cell current clamp recording was performed as described previously . Holding potential was set to À70 mV. APs were induced by suprathreshold 50-ms current injections at 20 Hz. The pipette solution contained the following (in mM): 90 potassium gluconate, 10 HEPES, 20 KCl, 4 Mg-ATP, 0.3 Na-GTP, 10 Na-phosphocreatine; pH was adjusted to 7.4 using KOH; osmolality was adjusted using potassium gluconate (final, 220-230 mosm/kg). Neurotrophin release was analyzed as described previously (Kolarow et al., 2007) .
Statistics
Pooled data are given as mean ± SEM, and experiments were pooled from at least three different animals per group. 
